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Abstract 
The preparation details of bulk glasses in the Ln-Si- 
Al-O-N systems (Ln = Y, Ce, Nd, Sm, Eu, Dy, Ho 
and Er) containing 17 equivalent % nitrogen are 
reported. The properties of these oxynitride glasses 
are examined in detail. Changes observed in density, 
molar volume, hardness, thermal expansion and 
glass transition temperature are presented and are 
found to vary linearly with the cationicfield strength 
or ionic radius of the rare earth modtjier. The 
implications for changes in glass structure caused by 
the substitution of one rare earth cation for another 
are discussed in relation to the property changes 
observed. 0 1997 Elsevier Science Limited. 
Rhume’ 
La preparation du verre masstf dans les systdmes 
Ln-Si-Al-O-N (Ln = Y, Ce, Nd, Sm, Eu, Dy, Ho 
et Er) contenant 17% equivalent d’azote, est detail- 
lee. Les proprietb de ces verres oxynitrures sont 
txaminhes en detail. Les changements de densite, de 
volume molaire, de durett, de dilatation thermique et 
de temperature de transition vitreuse observes, sont 
present&s, et nous avons trouve des variations line- 
aires avec le champ de force cationique ou le rayon 
ionique de la terre rare modtjicatrice. Les conse- 
quences sur la structure vitreuse, de la substitution 
d’un cation de terre rare par un autre, sont traitees 
en relation avec les changements de proprietts 
observes. 
1 Introduction 
The requirement of an oxide additive for the 
liquid phase pressureless densification of SisN4 
and fi-sialon ceramics is now well established.’ At 
temperatures > 135O”C, the additive, usually a metal 
oxide, reacts with the surface silica of S&N4 parti- 
cles and some of the nitride to form an oxynitride 
liquid which on cooling remains as an intergranu- 
lar glass.2 Such oxynitride glass phases can impair 
subsequent high temperature mechanical proper- 
ties3 Refractory metal oxides such as Y203 have 
been used in an attempt to increase the softening 
temperature of the intergranular glass.4 Numerous 
studies of various M-Si-Al-O-N bulk glasses 
(M = Y, Mg, Ca, Nd) have since followed and 
these studies have shown oxynitride glasses to pos- 
sess higher refractoriness, elastic modulus and 
hardness compared to the corresponding oxide 
glasses. >* The use of lanthanide oxides as sintering 
additives has been explored,9,10 but these earlier 
investigations mainly pertained to specific proper- 
ties and not on the ability of the rare-earth ion to 
act as primary component of the glass structure. The 
advantages of using lanthanide metal oxides in the 
preparation of oxynitride glasses are three-fold: l l 
(i) nitrogen has a higher solubility in Ln-Si-AH%-N 
glasses (> 25a/o) than in other M-Si-Al-O-N 
glasses and the glassy grain boundary phases in 
silicon nitride densified with these oxides are con- 
sidered to posess higher refractoriness; (ii) viscos- 
ities of some Ln-Si-Al-O-N liquids for a given 
level of nitrogen are less than those of the equiva- 
lent Y-Si-AlUN liquids and this promotes 
easier densification of silicon nitride/sialons; (iii) Ln 
cations can be accommodated in the interstitial 
sites in the cr-sialon lattice, thus providing an 
opportunity for these additives to form transient 
liquid phases during sintering, and a reduced 
amount of grain boundary glass. In spite of these 
advantages, only limited research has been carried 
out on oxynitride glasses in lanthanide systems. 
Recently, Murakami and Yamamoto12 studied the 
effect of radius of rare-earth ions on the character- 
istics of various Ln-Si-Al-O-N glasses but these 
studies were confined to determining the glass 
transition and softening temperatures and the oxi- 
dation resistance. The results indicated that the 
oxidation resistance of the glasses increased with 
decreasing radius of the rare-earth cation, but little 
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correlation was found between the glass transition 
and softening temperatures and the cationic radius. 
In contrast, Ohashi et aLI3 have observed a good 
correlation between the glass transition tempera- 
ture and cationic radius in the Ln-S&O-N sys- 
tems. The density, Young’s modulus and glass 
transition temperature were found to increase 
while molar volume decreases with decreasing 
cationic radius. In this paper, the effect of the sub- 
stitution of lanthanide cations on the bulk density, 
hardness, thermal expansion, viscosity and molar 
volume are examined along with the glass transi- 
tion and crystallisation temperatures for various 
Ln-Si-Al-O-N glasses and compared with changes 
in the cationic field strength of the modifying cation. 
2 Experimental Procedure 
2.1 Composition selection and glass preparation 
Bulk glasses in Ln-Si-Al-O-N systems (Ln = Ce, 
Nd, Sm, Eu, Dy, Ho and Er) containing 17 
equivalent % nitrogen have been selected for 
investigation. The chosen Ln-Si-Al-O-N glasses 
had a nominal composition corresponding to 
28Ln: 56Si: 16Al: 830: 17N (in equivalent %) or 
12.3Ln: 18.5Si: 7Al: 54.70: 7.5N (in atomic per- 
cent). In addition, a Y-Si-Al-O-N glass of similar 
composition was prepared and this was used as a 
standard reference system for comparison with 
glasses prepared using various other rare-earth 
cations. The method of representation of compo- 
nents in equivalent units has been reported pre- 
viously.* 
y203, Nd203, Sm2% EU203, Dy203, Ce203, 
Ho203 and Er203 with 99.9% purity (Rare Earth 
Products Ltd.) were used. The manufacturer’s cer- 
tificate of analysis indicates the presence of Ca, Si 
and Al (l-20 ppm level) as the common metal 
impurities present in the rare-earth oxides. Al203 
was analar grade (BDH) with the maximum limit 
of impurities given as water soluble matter (0*2%), 
chloride, sulphate and Fe (0.005% each). SiO2 was 
from Fluka Chemicals Ltd and had Ca (O-02%), Fe 
(0.02%), K (0.05%) and Na (0.01%) as the major 
impurities. All oxides were calcined at 900°C to 
remove any volatiles and/or chemically absorbed 
water and stored in a drying oven at a temperature 
of 120°C. The silicon nitride (LC12SX) powder 
was obtained from Hermann C. Starck, Berlin with 
an oxygen level of 2.06%, C of 0.15% and negligi- 
ble traces of Fe, Ca and Al (total less than 
0.015%). The powders were wet ball milled in iso- 
propanol for 24 h, followed by evaporation of the 
alcohol before pressing into pellets. Large batches 
(5&6Og) were melted in a boron nitride-lined 
graphite crucible under 1 at. nitrogen pressure at 
1700°C for 1 h in a vertical tube furnace, after 
which the melt was poured into a preheated gra- 
phite mould at 850°C and annealed for 1 h prior to 
slow furnace cooling. 
2.2 Glass characterisation 
2.2.1 X-ray analysis and SEM 
X-ray analysis was carried out using a Philips 
X-ray powder diffractometer (Cu-I& radiation) in 
order to detect any crystalline phases present in the 
glasses. Scanning electron microscopy was used to 
assess homogeneity. 
2.2.2 Density 
The densities were measured by the Archimedes 
principle using distilled water as working fluid. 
2.2.3 Microhardness 
Microhardness tests were carried out on the 
polished glass samples using a Leco microhardness 
tester. A load of 1OOg was applied to the sample 
for 15 s. The resulting indentation diagonals were 
measured to give an estimation of the hardness of 
the glass. 
2.2.4 Dlrerential thermal analysis 
Differential thermal analysis (DTA) was carried 
out in order to detect the glass transition tempera- 
ture (Tg) and crystallisation temperature (Tc). The 
instrument used was a Stanton Redcroft 1640 ser- 
ies simultaneous thermo-gravimetric differential 
analyser. Small samples (30mg) were analysed in 
boron nitride-lined platinum crucibles, in a flowing 
nitrogen atmosphere. Al203 was used as a refer- 
ence material. The onset point of an endothermic 
drift on the DTA curve corresponding to the 
beginning of the transition range is reported as Tg 
while the peak of the exotherm is taken as Tc. 
2.2.5 Thermal expansion 
The thermal expansion coefficient was measured in 
a Netzch (402EP) dilatometer in air on polished 
glass specimens whose dimensions were approxi- 
mately 3 x 3 x 50mm3. The temperature was 
increased at a rate of 5”Cmin-’ and the change in 
length over the original length (dl/lo) was recorded 
for each glass specimen as a function of tempera- 
ture, from room temperature up to 900°C. The 
mean thermal expansion coefficients (a) were cal- 
culated between 20 and 800°C using the following 
equation: 
a! = (Al/l&AT 
where 1, is the original length, Al is the change in 
length of the specimen and AT is the temperature 
change. 
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2.2.6 Viscosity 
Viscosity was deduced from creep tests performed 
in air between 750 and 1000°C in 3-point bending 
with a span of 21 mm on bars with the following 
dimensions: 25 mm x 4 mm (width) x 3 mm (height). 
The expression for the viscosity, n is based on the 
strong analogy existing between the stress/strain 
relations in an elastic solid and those governing a 
viscous fluid:t4 
?j = a/[2(1 + U)E] 
where c and E are the applied stress and the creep 
rate on the outer tensile fibre and u is Poisson’s ratio. 
A value of 0.5 was used for v in the calculations. 
3 Results and Discussion 
3.1 Quality and homogeneity assessment of glasses 
X-ray analysis and observations on melting for 
standard rare-earth compositions containing 17 
equivalent % (e/o)N are shown in Table 1. All the 
compositions were observed to be X-ray amor- 
phous and, in addition, SEM analysis showed these 
glasses to be homogeneous. Similar work per- 
formed earlier in the oxide systems15 also showed 
that glasses can be made in a wide range of rare- 
earth aluminosilicate systems. These studies tend to 
imply that the structural role of the rare-earth 
cation must be unique to allow formation of 
glasses with relative ease. 
Substitution of one Ln cation for another in the 
Ln-Si-Al-O-N systems results in a change in the 
colour of the glass. Various colours were observed 
ranging from wine through green and blue to black 
depending on the rare-earth metal cation used. The 
analysis for nitrogen content carried out using 
Carlo Erba 1106 equipment showed only a small 
loss of 34% of total nitrogen content for all the 
compositions. 
3.2 Density 
Table 2 compares the densities of M-Si-Al-O-N 
(M = Y, Ln) glass compositions. As can be seen, 
the density of the glasses, in general, increases with 
an increase in rare-earth atomic number with the 
exception of the Eu-containing composition. This 
increase in density with increasing atomic number 
is primarily due to the increased atomic weights 
of the modifying cation, M. However, it may also 
be due to the increasing cationic field strength (z/r2: 
valence (z), bond length of LnO(r)) of the Ln 
cations between Ce and Er (Fig. 1). The values 
used for ionic radii are included in Table 2.16 
The ionic radius of the lanthanides decreases 
with increasing atomic number because of the lan- 
thanide contraction. As a result, the effective force 
attracting anions (ie. the cationic field strength) 
increases. Consequently, the glass network 
becomes more compact resulting in the observed 
increased density. l3 The decrease in density 
observed for Eu-Si-Al-O-N glass may perhaps be 
attributed to the oxidation state of the Eu cation. 
Eu can exist either as Eu2+ or Eu3+ and, in the 
Eu2+ state, it reduces the strength and increases 
the length of the Eu-0 bond thereby lowering the 
density. Recent structural studies confirm Eu to be 
in the Eu2+ state.17 Therefore, a new value of 
Table 1. Analysis of glass compositions 
Material Compositions (e/o) X-ray analysis Observation on melting 
Y-Si-Al-O-N 28Y:56Si:16A1:830:17N Amorphous Grey glass disc 
Ce-Si-AI-N 28Ce:56Si:16A1:830:17N Amorphous Grey glass bar 
Nd-Si-Al-O-N 28Nd56Si: 16A1:830: 17N Amorphous Navy blue glass bar 
Sm-Si-Al-&N 28Sm:56Si:16A1:830:17N Amorphous Black glass bar 
Eu-Si-Al-O-N 28Eu:56Si:16A1:830:17N Amorphous Dark green glass bar 
Dy-Si-Al&N 28Dy:56Si:16A1:830:17N Amorphous Green glass bar 
HoSi-Al-O-N 28Ho:56Si:16Al:830:17N Amorphous Wine coloured glass bar 
Er-Si-Al&N 28Er:56Si:16A1:830: 17N Amorphous Wine coloured glass bar 
Table 2. Densities of standard MSiAlON glass compositions 
Material At. no. of rare- 
earth cation 
Y-Si-AlaN 39 0.893 
Ce-Si-Al&N 58 1.036 
Nd-Si-Al-O-N 60 0.995 
Sm-Si-Al-&N 62 0.964 
Eu-Si-Al-O-N 63 0.951 
Dy-Si-Al&N 66 0.908 
Ho-Si-Al-&N 67 0.89 
Er-Si-Al-O-N 68 0.88 
Ionic radius 
(4 
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Fig. 1. The effect of cationic field strength (CFS) on the density 
of standard Ln-Si-Al&N compositions (data in increasing 
order of CFS correspond to Ce, Nd, Sm, Eu, Dy, Ho and Er 
cations). 
cationic field strength (CFS) correspondingOto the 
Eu2+ state yill henceforth be used (2.21Ap2 in 
place of 3.3 Ae2). It is known that Y, Nd, Sm, Dy, 
Ho and Er exist in the Ln3+ state15T18 while Ce has 
two valency states, i.e. Ce3+ and Ce4+. Ce is 
known to exist predominantly in the Ce3+ state in 
cerium aluminosilicate glasses. l9 
The molar volume of the glasses (molecular 
weight of Ln s.&i&15.3304i.~Ns.67/density of 
glass) calculated from their measured densities is 
plotted as a function of cationic field strength in 
Fig. 2. For comparison, data obtained for Y-Si- 
Al-O-N glass has also been included. As can be 
seen, the molar volumes of the glasses decreases 
with increasing cationic field strength or, in other 
words, with decreasing ionic size of the Ln3+ ions, 
with the exception of the Eu cation. The linear 
trend of the experimental results follows the 
expected trend from the volume change caused 
only by the rare-earth substitution and clearly 
demonstrates that density increases are controlled 
by volume contraction as well as by increased Ln 
atomic weight. 
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Fig. 2. The effect of cationic field strength (CFS) on the molar 
volumes of the standard Ln-Si-Al-O-N compositions (data in 
increasing order of CFS correspond to Eu, Ce, Nd, Sm, Dy, 
Y(e), Ho and Er cations). 
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Fig. 3. The effect of cationic field strength (CFS) on the 
microhardness of the standard Ln-Si-Al&N compositions 
(data in increasing order of CFS correspond to Eu, Ce, Nd, 
Sm, Dy, Y(+), Ho and Er cations). 
3.3 Microhardness 
The effect of cationic field strength on the micro- 
hardness of the Ln-Si-Al-O-N glasses is shown in 
Fig. 3. The variation in microhardness observed 
with increasing cationic field strength is quite sig- 
nificant and increases from w9 GPa for Ce to 
z 11.4 GPa for Er-based glass compositions. This 
reflects the increases in overall bonding strength of 
the glasses with decreasing ionic radii of the rare- 
earth cation. 
3.4 Thermal analysis 
The influence of the lanthanide additives on Tg of 
the standard Ln-Si-Al-O-N compositions are 
shown in ascending order of their cationic field 
strength in Fig. 4. As can be seen, Tg increases 
linearly with increasing field strength. The Tg value 
obtained for the corresponding Y-Si-Al-O-N 
composition is also shown in the plot (diamond 
marker) and this fits rather well with the observed 
linear variation between Tg and the field strength 
(or ionic radii) in a manner consistent with those of 
the lanthanide glasses. Figure 5 shows the effect of 
the lanthanide additives on the crystallisation tem- 
peratures of the Ln-Si-Al-C&N compositions. For 
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Fig. 4. The effect of Ln additives on Tg of the standard glass 
compositions (data in increasing order of CFS correspond to 
Eu, Ce, Nd, Sm, Dy, Y(+), Ho and Er cations). 
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Fig. 5. The effect of Ln additives on Tg and Tc of the standard 
glass compositions (data in increasing order of CFS corre- 
spond to Eu, Ce, Nd, Sm, Dy, Y, Ho and Er cations). 
comparison, corresponding Tg values shown in 
Fig. 4 are also included. As can be seen, Tc values 
exhibit no significant trend with cationic field 
strength. However, for glass compositions contain- 
ing cations with higher field strength values (Dy, Y, 
Ho and Er glasses), the differences noticed between 
Tg and Tc are lower compared to those observed 
with lower cationic field strength glass composi- 
tions (with the exception of Ce glass). 
3.5 Thermal expansion 
The effect of Ln-Si-A1-0-N glass composition on 
thermal expansion coefficient shown in Fig. 6 
again indicates the existence of a linear trend. 
The expansion coefficients of Ln-Si-Al-O-N glasses 
decrease linearly with increasing CFS (decreasing 
ionic radii) of the rare-earth cation. The variation 
in expansion coefficient with rare earth substitution 
is from 5.9 x 1O-6/“C to 7 x 10W6/C except for Eu 
which has a much higher cx (8.31 x 1O-6/C). The 
expansion coefficient value obtained for the Y-Si- 
Al-UN glass (6.3x lO-6/“C) is in good agreement 
with that of Ho-Si-Al-O-N glass (6.4~ 1O-6/“C). 
Y and Ho have similar ionic radii (0.89A). 
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Fig. 6. The effect of Ln additives on the thermal expansion 
coefficient of standard cation compositions (data in increasing 
order of CFS correspond to Eu, Ce, Nd, Sm, Dy, Y, Ho and 
Er cations). 
3.6 Viscosity 
Figure 7 shows the variation of viscosity with tem- 
perature for the Y and various lanthanide glass 
compositions. From the figure, viscosity is seen to 
decrease in the order: Er>Ho>Dy>Y > Sm> 
Ce > Eu. The variation in viscosity observed 
between Er, Ho, Dy and Y-Si-AlUN glasses is 
rather small and this can be ascribed to similar 
ionic radii (Table 2) for the rare-earth cations. 
However, the oxides of Er, Ho and Dy may give 
liquids with similar characteristics to those formed 
when Y203 is used as a densifying additive with 
silicon nitride or sialons. 
3.7 Implications with respect to glass structure 
In oxynitride glass systems, it is well known that 
nitrogen substitution for oxygen results in signifi- 
cant increases in properties such as viscosity, glass 
transition temperature, hardness, etc. and this is 
larger than found by substituting cations at con- 
stant oxygen:nitrogen ratios.3,4,20 Both IR spec- 
troscopy6 and Raman scattering21 investigations 
indicate that nitrogen is covalently bonded to sili- 
con in the glass network leading to a more rigid 
cross-linked structure thus enlightening the role of 
nitrogen on glass property improvements. 
The results of the present study show variations 
in properties with change of the rare-earth cation. 
Properties such as density, hardness, glass transi- 
tion temperature and viscosities of the Ln-Si-Al- 
UN glasses increase with increasing cationic field 
strength (decreasing ionic radius). The molar 
volumes and thermal expansion coefficients of the 
Ln-Si-Al-UN glasses decrease with increasing 
cationic field strength with the exception of the Eu 
glass. All these properties, in general, appear to 
vary linearly with ionic size of the rare-earth 
cation. Shelby and Kohli15 found similar linear 
trends between the ionic radius of the rare-earth 
cation and properties such as glass transition tem- 
perature and thermal expansion in rare-earth alu- 
mino-silicate glass systems. In addition, some 
indications of a linear trend were found by Ohashi 
et ~1.‘~ who attempted to correlate molar volume 
and glass transition temperature of a series of Ln- 
SiUN glasses with rare-earth ionic field strength. 
In contrast, recent studies by Lemercier et ~1.~~ on 
structure-property relationships in two series of 
oxynitride glasses in the Y-Si-Al-U-N system, 
with varying Al/Si and Al/Y ratios, showed non- 
linear variation in properties and these have been 
attributed to the changes in the overall glass struc- 
ture. Their Raman scattering studies showed that 
for a constant yttrium content, the increase of the 
Al/Si ratio results in the replacement of SiUSi 
bridgings by AlUSi ones, while for constant sili- 
con content compositions the increase of Al/Y ratio 
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Fig. 7. Change in viscosity with temperature for Y and various Ln-Si-Al-O-N glass compositions. 
results in the continuous replacement of two non- 
bridging oxygens by two Al-WSi linkages. In a 
study of yttrium alumino-silicate glasses, typical 
co-ordination numbers for oxygen around Al are 
4, 5 and 6.23 The relative number of differently 
co-ordinated species has been found to increase 
with Al:Si ratios and decrease with Al:Y ratios in 
Y-Si-AlaN glasses.22 
It is known that in some complex oxides, triva- 
lent rare-earth ions take a higher co-ordination 
state compared with other trivalent cations such as 
A13+.24 This has been attributed to the strong 
ionicity of the Ln-0 bond and an ionic size large 
enough to accommodate co-ordination numbers 
(CNs) larger than or equal to 8. The ionicity of the 
Ln-0 bond changes little depending on the size or 
field strength of the rare-earth element. As a result, 
rare-earth cations can take different CN depending 
on their size. If this is true then one would not 
expect a linear variation in properties with either 
ionic size or field strength. The existence of such 
a linear trend in various properties, as seen from 
the present study, appears to suggest that the 
structures of these Ln-Si-Al-O-N glasses are not 
significantly changed by rare-earth substitution. 
In other words, the overall glass structure remains 
the same and the property changes appear to solely 
depend on the modifier cationic field strength. 
Further, cationic field strength controls the 
effective cage size of the (Si,Al)(0,N)4 tetrahedral 
units. If substitution of rare-earth cation by 
another results in an increase of CN then the 
effective cage size would also be expected to 
increase, resulting in the expansion of the glass 
structure. The linearity observed with the property 
changes caused by the rare-earth substitution, in 
particular molar volume, indicates no such change 
in CN. 
Further, if it is assumed that the overall glass 
structure comprises (Si,Al)(O,N)d tetrahedra 
coupled together according to the ideas of 
Zachariasen,24 then the field strength of the 
modifying cation will directly control the level of 
modification of the glass structure. This being the 
case then (Si,Al),(O,N), networks will be bridged 
by Ln cations. The smaller the cation and 
therefore, generally, the higher its field strength, 
the more closely the (Si,Al),(O,N), units within 
the networks can approach each other. This 
will result in a decrease in molar volume with 
increasing cationic field strength which is indeed 
observed. As the field strength of the Ln cations 
increases, the attractive forces between Lnx+ and 
surrounding structural units increase. If this is the 
case then properties such as microhardness and Tg 
should increase whilst CTE values should decrease. 
Again these effects can be observed as shown 
above. 
On the basis of the above it can be argued 
that the overall arrangement of (Si,Al),(O,N), 
networks remains similar for each of the Ln- 
Si-Al-O-N glasses and that Ln cation size and 
field strength control property changes. In 
summary, all these factors could mean that the 
cationic field strength of the rare-earth ion is 
responsible for the property changes observed. In 
addition, the size of the rare-earth cation is also of 
considerable importance for acquiring desirable 
properties. Since the field strength varies with the 
reciprocal of the ionic radius, the relative 
importance of the field strength and ionic size 
cannot, be separated. 
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4 Conclusions 
1. Homogeneous glasses containing 17 equiva- 
lent % nitrogen have been prepared in various 
Ln-Si-Al-O-N systems (where Ln = Y, Ce, 
Nd, Sm, Eu, Dy, Ho and Er). The colours of 
these glasses vary depending on the rare-earth 
cation used. 
2. Density, hardness, glass transition tempera- 
ture and viscosities of the Ln-Si-Al-O-N 
glasses increase with increasing cationic field 
strength (decreasing ionic radius). The molar 
volume and thermal expansion coefficient of the 
Ln-Si-Al-O-N glasses decrease with increas- 
ing cationic field strength with the exception 
of the Eu glass. All these properties, in gen- 
eral, appear to vary linearly with cationic field 
strength or ionic size of the rare-earth cation. 
3. Substitution of one Ln cation by another 
appears to cause no change in the overall glass 
structure and the property changes observed 
are solely dependent either on the cationic 
field strength or ionic radius of the rare-earth 
cation. 
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